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Abstract 5 
Purpose: To determine which motorized treadmill (MT) grade best replicates the physiological 6 
and perceptual demands presented by the concave curved design of the non-motorised 7 
Woodway Curve XL treadmill (cNMT). 8 
Method: Ten physically active male students completed, after a familiarization session, a 6 9 
min run at a target velocity of 2.78 m·s-1 on the cNMT (cNMTrun). The individual running 10 
velocity of cNMTrun was then used as warm-up and experimental running velocity in three 11 
subsequent visits, in which participants ran for 6 min on the MT set at different grades (4%, 12 
6% and 8%). In all experimental trials (cNMTrun, 4MTrun, 6MTrun and 8MTrun) and in the 13 
warm-up of the participants’ third visit (1MTrun), oxygen consumption (V̇O2) and heart rate 14 
(HR) were monitored, and ratings of perceived exertion (RPE) obtained. 15 
Results: HR in cNMTrun was significantly higher compared to all MT trials. V̇O2 and RPE 16 
were significantly higher in cNMTrun compared to 1MTrun and 4MTrun, but not different to 17 
6MTrun and 8MTrun. The relationship between V̇O2 and MT grade was highly linear, and 18 
using this regression equation, the incline of the cNMT was estimated to mimic a 6.9% MT 19 
grade. 20 
Conclusion: On matched running velocities, the physiological and perceptual demands of 21 
running on the cNMT are similar to a 6-8% MT grade. These findings can be used as reference 22 
value by athletes and coaches in the planning of cNMT training sessions, and amend running 23 
velocities accordingly. Future studies are needed to determine whether this estimate is similar 24 
for lighter and/or female runners. 25 




A variety of non-motorized treadmill (NMT) designs have become widely available to sports 28 
scientists and the general public. NMTs are participant driven and allow runners to self-select 29 
and change their pace in a subconscious fashion with every treadmill contact. 1 This makes the 30 
overall locomotion more consistent with outdoor running, and allows for a more ecologically 31 
valid lab assessment of running performance. A recently developed NMT with a concave 32 
curved surface ((cNMT); Woodway Curve XL, Woodway Inc, USA) has received considerable 33 
scientific interest. When compared to running on matched submaximal velocities on a 34 
motorized treadmill (MT; MT grade 1%), the physiological responses and ratings of perceived 35 
exertion (RPE) were considerably greater on the cNMT. 1–4 This was accompanied by a less 36 
efficient running economy and a larger caloric cost of movement. 1,3,4 When matched for 37 
exercise intensities, it was established that on the cNMT a comparable oxygen consumption 38 
(V̇O2) and heart rate (HR) are achieved on running velocities up to 25% lower than on a MT. 39 
1,5–7 Despite these differences, the cNMT is thought to be a reliable and valid piece of lab 40 
equipment to evaluate self-paced high intensity interval training (HIIT) sessions, endurance 41 
and (repeated) sprint performance. 1,5,7,8,9 42 
The altered energy demands of the cNMT are likely closely linked to its mechanical 43 
characteristics and design (belt friction and curvature). Recently, Bruseghini et al., determined 44 
the friction of the 29kg heavy treadmill belt, which was found to equal 8.81 N. 4 In an attempt 45 
to determine the curvature of the cNMT, observational analysis revealed that participants 46 
contact the cNMT belt at an approximated five to ten degree incline above the horizontal, which 47 
then decreased throughout the stance phase. 2 Running on the cNMT clearly mimics uphill 48 
running, and therefore training adaptations may differ from overground or MT training. Uphill 49 
running represents a frequently prescribed form of HIIT in training regimes of distance runners 50 
10,11 , and the cNMT might be a valuable asset when uphill training is geographically 51 
challenging. In aid to design appropriate exercise protocols for the cNMT, the current study 52 
was designed to determine which MT grade best replicates the physiological and perceptual 53 
demands of running on the cNMT.  54 




Ten physically active male students (age 22±2 y, height 180±6 cm, mass 77±11 kg) visited the 57 
sports and exercise science lab on five different occasions over a three-week period. All 58 
participants provided voluntary written informed consent. The study received approval from 59 
the local ethics committee and was conducted in accordance with the Declaration of Helsinki.  60 
Experimental Design  61 
In their initial visit, participants familiarised with running on the cNMT and were instructed to 62 
run as close as possible to a target velocity of 2.78 m·s-1 (10 km.h-1). During the second visit, 63 
participants ran for 6 min on the same target velocity (cNMTrun). Individual running velocities 64 
of cNMTrun were sampled at 4 Hz and assessed in the accompanying product software, and 65 
then used in the three subsequent visits as warm-up and experimental running velocity. In these 66 
remaining visits, participants ran for 6 min on the MT set at different grades (4%, 6% and 8%), 67 
in a randomized and counterbalanced order. Participants performed the same warm-up routine 68 
prior to all experimental trials, which involved a 6 min run on the MT with the grade set at 1%. 69 
12 In all experimental runs (cNMTrun, 4MTrun, 6MTrun and 8MTrun) and in the warm-up of 70 
the participants’ third visit (1MTrun), V̇O2 and HR were monitored continuously, and RPE 71 
were obtained on completion of the trial. 72 
During the experimental runs, HR was measured using a Garmin HR monitor (910XT, Garmin 73 
Ltd., Switzerland), and respiratory parameters were sampled breath-by-breath, using open 74 
circuit spirometry (Oxycon Masterscreen CPX, Vyaire Medical, UK). Before each 75 
experimental trial, the gas analyser and the turbine flow meter were calibrated following the 76 
manufacturer’s instructions.  77 
All MT trials were run on a factory calibrated MT (Pulsar 3p, H/P Cosmos, Germany). 78 
Accuracy of both the cNMT and MT velocity measures were verified previously in our lab, 79 
and found to be within <1.1 % of the described speed. 1 80 
Statistical Analysis 81 
Data were analysed using SPSS 23.0 (SPSS Inc., USA) and are presented as mean±standard 82 
deviation. Attainment of steady state in the last minute of each experimental condition was 83 
verified using Pearson correlation comparisons of V̇O2 and HR obtained in the 5
th and 6th min, 84 
and paired t-tests. Differences in V̇O2, HR and RPE between cNMTrun and the experimental 85 
MT runs were compared using one-way repeated measures ANOVA, followed by post hoc 86 
Tukey tests. The significance level of all tests was set at p<0.05. 87 
 88 




Steady state in V̇O2 was confirmed, as no differences were found between the 5
th and 6th min 91 
in any of the experimental trials (see table 1), however, HR was significantly higher in the 6th 92 
min of cNMTrun, 4MTrun, 6MTrun and 8MTrun compared to the 5th min. V̇O2, HR and RPE 93 
increased in a linear fashion with the increased MT grade (see table 2). V̇O2 and RPE were 94 
significantly higher in cNMTrun compared to 1MTrun and 4MTrun, but not different to 95 
6MTrun and 8MTrun. The HR response in cNMTrun was significantly higher compared to all 96 
MT trials (see table 2).  97 
>> table 1 and 2 here << 98 
The relationship between V̇O2 and MT grade was highly linear (see figure 1), and followed the 99 
equation: V̇O2 = 1.73 * % + 34.36 (r
2=0.99). In this, V̇O2 is calculated in ml.kg
-1.min-1, and % 100 
represents the MT grade. Using this equation and the V̇O2 obtained in cNMTrun, the incline of 101 
the cNMT was estimated to replicate a 6.9% MT grade.  102 
>> figure 1 here<< 103 




The purpose of the current study was to identify which MT grade best replicated the 106 
physiological and perceptual demands presented by the concave curved design of the 107 
Woodway Curve XL. The main finding was that V̇O2 and RPE were similar in cNMTrun, 108 
6MTrun and 8MTrun. The relationship between V̇O2 and MT grade was highly linear, and 109 
using this regression equation, the incline of the cNMT was estimated to mimic a 6.9% MT 110 
grade. 111 
For an accurate evaluation of the energy demands of the experimental trials, attainment of a 112 
steady state in every condition was required. 12 Running on the cNMT by design is unsteady, 113 
as the velocity fluctuates with every treadmill contact. Running velocity of cNMTrun averaged 114 
2.78±0.11m·s-1, and the participants’ individual running velocity in cNMTrun was used in 115 
subsequent MT trials, however, without any random fluctuations in pace. Steady state of V̇O2 116 
was confirmed, as no differences were found between the 5th and 6th min in any of the 117 
experimental trials. HR typically increased throughout the 6 min runs, which may indicate 118 
(some) participants where running near or above their lactate threshold, especially in 119 
cNMTrun, 6MTrun and 8MTrun. However, despite the potentially elevated blood lactate 120 
levels, all participants attained a steady state V̇O2 and were able to complete all experimental 121 
conditions. 122 
No differences were found in V̇O2 between cNMTrun, 6MTrun and 8MTrun. Additionally, 123 
RPE were similar between these experimental trials, indicating a similar perceived effort. 124 
These findings confirm the previous observations of Smoliga et al,. 2 The current regression 125 
equation for V̇O2 and MT grade was similar to data presented by Jones & Doust 
12 and Padulo 126 
et al.,  10 of trained runners who ran on different velocities at a variety of MT grades. V̇O2 at 127 
1MTrun in the current study (36.2±3.9 ml.kg-1.min-1) was considerably higher compared to the 128 
findings of Jones & Doust 12 (31.5±1.4 ml.kg-1.min-1), despite participants in the current study 129 
ran on a slower velocity. These differences can be attributed to the training status of the 130 
participants, whereas the trained runners in Jones & Doust 12 can be expected to have a greater 131 
running economy than the current participants. Our regression equation may therefore 132 
overestimate the V̇O2 for trained runners, and should be used with caution. Additionally, 133 
Edwards et al., reported that females perceived running on the cNMT harder than males over a 134 
range of velocities, which was accompanied by a higher relative V̇O2 for female runners. 
3 135 
These differences are most likely a reflection of the lighter body mass of female runners, which 136 
may put them at a disadvantage in overcoming the treadmill belt resistance. 3  137 
Practical Applications 138 
The cNMT can be used to assess running performance in the lab and to perform ‘uphill’ HIIT 139 
sessions, when uphill training is geographically challenging. 1,5,7,8,9 The findings of the current 140 
study can be used as reference value by athletes and coaches in the planning of cNMT training 141 
sessions, and amend running velocities accordingly. The physiological and perceptual 142 
responses for lighter and/or female runners may be better replicated by a larger MT grade and 143 
future research is needed to establish the regression equation for these populations.  144 
Conclusion: 145 
On matched running velocities, the physiological and perceptual demands of running on the 146 
cNMT are similar to a 6-8% MT grade. Using the highly linear regression equation for V̇O2 147 
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figure captions: 198 
 199 
Figure 1: The relationship between V̇O2 and MT grade (running velocity is 2.78±0.11 m.s-1) 200 
* Significant different (p<0.05) from: a 1% grade, b 4% grade, c 6% grade, d 8% grade 201 
 202 
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Tables:  204 
 205 
 206 
Table 1: Difference (∆) in mean V̇O2 and HR between 5th and 6th min in all experimental 207 
trials  208 
 
cNMTrun 1MTrun 4MTrun 6MTrun 8MTrun 
 ∆ V̇O2 (L·min–1) 0.14±0.22 0.09±0.10 0.04±0.27 -0.06±0.32 -0.07±0.24 
 ∆ V̇O2 (mL·kg–1·min–1) 1.94±3.4 1.2±3.0 0.48±3.6 -0.81±4.2 -0.78±3.1 
 ∆ HR (beats/min) 2.3±1.3 0.8±1.8 2.0±2.4 2.5±1.3 1.6±1.1 









Table 2: Physiological and Perceptual responses for all experimental trials 216 
 
cNMT 1MTrun 4MTrun 6MTrun 8MTrun 
V̇O2 (L·min–1) 3.57±0.4 b,c 2.53±0.3 a,c,d,e 3.19±0.5 a,b,d,e 3.42±0.5 b,c,e 3.73±0.4 b,c,d 
V̇O2 (mL·kg–1·min–1) 46.4±3.7 b,c 36.2±3.9 a,c,d,e 41.3±2.8 a,b,d,e 44.2±2.8 b,c,e 48.6±4.2 b,c,d 
HR (beats/min) 185±10 b,c,d,e 139±10 a,c,d,e 167±12 a,b,d,e 176±12 a,b,c,e 181±9 a,b,c,d  
     
RPE (au) 14.7±3.1 b,c 9.5±1.4 a,c,d,e 12.7±2.5 a,b,d,e 14.0±2.9 b,c,e 15.4±2.1 b,c,d 
Note: V̇O2, Oxygen consumption; HR, Heart rate; RPE, Ratings of perceived exertion. 217 
 218 
Significant different (p<0.05) from: a cNMT, b 1% grade, c 4% grade, d 6% grade, e 8% grade 219 
 220 
 221 
 222 
 223 
 224 
 225 
